Introduction
For decades, scientists have endeavored to understand the secret code of protein folding, which is believed to be essential in determining the shape of the native state and thus the biological function of a protein. Beside fundamental research, the motivation for studying the process of protein folding also comes from the large number of diseases in humans resulting from protein misfolding, e.g., Alzheimer's, Parkinson's, etc. [1] . Despite the astronomical number of possible configurations, a protein folds into its functional, three-dimensional structure (native state) amazingly fast; nevertheless, the mechanism behind folding is still unclear [2] .
Generic, coarse-grained protein models have been developed to help understand the properties of protein folding [3, 4] . Among these, the hydrophobic-polar (HP) lattice protein model [5, 6] is arguably the simplest, and thus has been called the "Ising model" for protein folding [7] . The HP model attracts researchers from various disciplines because of its simplicity yet challenging computational complexity. It has been proven that finding the lowest energy structure of a given sequence is an NP-complete problem [8] ; however, many folding algorithms and Monte Carlo methods have been developed for approaching this problem. Some representative examples include, but are not limited to, chain-growth methods [9, 10] , e.g. the pruned-enriched Rosenbluth method (PERM) and its variants [11, 12, 13, 14, 15] , sequential importance sampling [16] , fragment regrowth Monte Carlo [17] , multidomain sampler [18] , genetic algorithm [19, 20] , evolutionary Monte Carlo [21] , ant colony models [22] and WangLandau sampling [23, 24] .
The HP model has been used in several problems of biological interest, such as protein surface adsorption [25, 26, 27, 28] , protein folding in membranes [29] or confined environments [30, 31] , and the effects of sequence mutations [32, 33] . However, simplification into only H and P [34, 35] , which considers not only the hydrophobicity but also the charges of amino acids, has been shown to be effective in reducing degeneracy. From a different perspective, we propose a simple modification to the original HP model, by introducing a new type of "neutral" monomer, "0", i.e., neither hydrophobic nor polar, thus rendering the model more realistic without significantly increasing the difficulties of sampling.
Model and methods

H0P lattice protein model
The HP lattice model classifies amino acids into just two types, hydrophobic (H) and polar (P), and the structure of a protein is simulated by a chain of connected beads, each of which represents a single monomer, on a simple cubic lattice. The only interaction considered in the HP model is an effective monomer-monomer coupling HH between non-bonded, nearest-neighbor H monomers. However, most HP sequences suffer from the drawback of quite large ground-state degeneracy. Since, in reality, different amino acids possess different levels of hydrophobicity [36] , simplification into only two types might be insufficient to characterize the features of the hydrophobic interaction, which is believed to be the driving force of protein folding and tertiary structure formation. Therefore, we introduce a new level of "neutral" monomers, "0", which neither favors nor dislikes water as much as H or P monomers do. In the H0P model, two different non-bonded interactions are considered: HH and H0 , where H0 denotes the interaction strength between the H and the "0" monomers, and HH > H0 . The Hamiltonian is then given by
where n HH is the number of non-bonded HH contacts (n H0 has corresponding meaning). We used HH = 2 and H0 = 1 for this work, but other interactions involving "0" monomers could be easily added.
Replica-exchange Wang-Landau sampling
We have used a recently developed generic, parallel Wang-Landau sampling scheme, namely Replica-exchange Wang-Landau sampling (REWL) [37, 38] . In this parallel scheme, the energy range of the system is split into multiple, overlapping windows, each of which is simulated by independent processes (random walkers, running serial Wang-Landau (WL) sampling [39, 40] ). The replica exchanges between overlapping windows are attempted during the simulation at a fixed time interval, such that each replica can travel through the entire energy space of interest. WL sampling is a serial Monte Carlo simulation method that has proven to be powerful for studying problems with complex free energy landscapes. The ultimate goal of WL sampling is to estimate the density of states g(E), using a random walker in an energy range [E min , E max ]. During the simulation, a MC trial move that changes the system from configuration A (with energy E A ) to configuration B (with energy E B ) will be accepted with probability
where g (E) is an instantaneous estimator for the density of states. Upon acceptance, this estimator is updated via be reduced if the histogram is sufficiently "flat" and at the same time, all the histogram entries are reset to zero. The above procedures will be performed iteratively, until the modification factor is less than some predefined threshold value f final . In this work, the initial modification factor is set to f init = e 1 and decreased via f → √ f , and f final = exp(10 −8 ). Initially, g (E) is set to 1 and we use the "80%" flatness criterion for the histogram, i.e., every entry in the histogram is no less than the 80% of the mean histogram height. Multiple, independent runs are performed to test for systematic errors and to determine statistical errors. As Monte Carlo trial moves, we applied pull and bond-rebridging moves which have proven very efficient together with WL sampling [23, 24] .
In order to study the ground-state properties of lattice proteins, we proposed a ground-state sampling method [33] to estimate the ground-state degeneracy and collect the ground-state structures. The basic idea behind this method is to perform a multicanonical sampling using 1/g(E) as the sampling weight, whereg(E) is the final estimator obtained from the preceding WL or REWL run. During the process, each encountered ground-state structure, i.e. the structure obtains the lowest energy found during the WL or REWL run, will be converted into a unique sequence of directions (SoD) containing five elements: Forward(F), Left(L), Right(R), Up(U) and Down(D), and will be stored in a tree data structure for efficient searching. When a ground-state structure is generated, its SoD will first be compared with existing ones. Any newly discovered structure will be added to the database. The simulation terminates when the ground-state degeneracy has "converged" (i.e., no further ground-state is discovered for a period of time). Since a SoD uniquely represents a ground-state structure with symmetries of a simple cubic lattice taken into account, this method provides an effective means of identifying and storing different ground-state structures and determine the degeneracy.
Results and discussion
Randomized Sequences
Our first step is to test the H0P model on one of the widely studied 48mers ("Harvard sequences"), 48.1 [41] , which has been shown to have enormous ground-state degeneracy in previous studies [33, 42] . This sequence was originally designed for testing of folding algorithms and, thus, there is not a defined way to map it into a H0P sequence. Therefore, we randomly generated four H0P sequences based on 48.1 by converting each monomer (either H or P) to the new type 0 with a probability of one third, as shown in Table 1 . After performing REWL sampling as well as the ground-state degeneracy estimation procedure, we list the ground-state degeneracies for all four sequences in Table 1 . The ground-state degeneracies are quite limited for all four H0P sequences, and are orders of magnitude less than that for the equivalent HP 48mer. Physical observables from WL/REWL simulations of HP3D46 and H0P3D46 lattice models for Crambin: (a) the densities of states with their groundstate degeneracies (GSD) and (b) the specific heat of HP3D46 and H0P3D46 sequences. In both figures, error bars smaller than data points are not shown.
As another example, we choose a real protein, Crambin, which has 46 residues and has been converted into a HP sequence by Lattman et al. [43] . Based on the hydrophobic index table in [36] , we defined Ile, Val, Leu, Phe and Cys as "H", Met, Ala, Gly, Thr, Trp, Ser, Tyr and Pro as "0", and the rest as "P". The resulting H0P sequence (H0P3D46) is shown in Table 2 , along with the residue sequence of Crambin and its (simpler) HP mapping (HP3D46). The densities of states, as the direct results of our simulations, are shown in Fig. 1 (a) , in which we also label the ground-state degeneracies. Along with a lower ground-state energy, the H0P model also has a significantly lower ground-state degeneracy than the HP model. For comparing the ground-state structures, we calculate the contact maps for ground states of HP3D46 and H0P3D46, by assigning +1 to energy-contributing contacts (HH contacts for HP model; HH and H0 contacts for H0P model) and −1 to all the other (zero-energy) contacts. These contact maps are averaged to obtain the contact map density and is shown in Fig. 2 . From this figure, we could tell that the H0P model compared to the HP model, has many fewer zero-energy contacts, which also explains the lower ground-state degeneracy. The specific heat (C V /N ) in Fig. 1 (b) , is quite different for HP3D46 and H0P3D46. While H0P3D46 shows very clear signals of a two-step folding process as observed in all-atom simulations [44] , the coarseness of the lattice model does not allow formation of the clear, connected two-helix structure found by experiments (see [45] and the references therein). 
Conclusion
In conclusion, we improved the original HP model by considering more complex hydrophobicity levels and thus introduced a new type of monomer "0". With replica-exchange Wang-Landau sampling, we investigated some widely studied HP sequences and their H0P counterparts.
As expected, H0P model shows more pronounced transition signals (e.g. C V /N ) in the low temperature region, as a result of its lower ground-state degeneracy.
